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Giardia intestinalis encystment results in the incorporation of galactosamine (GalN) (a cyst- wall specific 
sugar) into outer cyst wall filaments [1,2]. GalN is synthesized during encystment from endogenous glucose by 
an inducible enzyme pathway [3] and the first reaction unique to GalN synthesis is the conversion of fructose-6-
phosphate (F6P) to glucosamine 6-phosphate (G1cN6P) [4,5]. In G. intestinalis, this reaction is catalyzed by 
G1cN6P isomerase (2-amino-2-deoxy-D-glucosamine 6-phosphate ketol isomerase, EC 5.3.1.10) which 
deaminates G1cN6P to F6P and NH3 and aminates F6P with NH3 to produce GlcN6P [3,6,7]. These activities as 
well as those of the other GalN synthetic enzymes of G. intestinalis [3] are induced when trophozoites encyst in 
the presence of bile. In bacterial and yeast systems, the isomerase is regarded as a catabolic enzyme involved in 
the degradation of amino sugars [7,8]. In contrast, an in vivo anabolic role has been suggested for Giardia 
G1cN6P isomerase [3], some other eukaryotes [9-11], and an Escherichia coli K-12 mutant lacking G1cN6P 
synthase activity [12]. This paper describes the purification of G1cN6P isomerase from encysting G. intestinalis 
and represents the first characterization of a purified enzyme specifically induced during the encystment of a 
protozoan. 
 
G1cN6P isomerase from G. intestinalis was assayed colorimetrically at 30°C in the aminase and deaminase 
directions [13]. The isomerase's aminase and deaminase activities were purified 505- 
                                                 
1 Abbreviations: F6P, fructose 6-phosphate; GalN, galactosamine; GlcN, glucosamine; GlcNAc, N-acetylglucosamine; G1cNAc6P, N-acetylglucosamine 6-
phosphate; G1cN6P, glucosamine 6-phosphate. 
 
and 400-fold, respectively (Table 1), with both activities co-purifying. The isomerase was stabilized by adding 
DTT (5 mM) to storage buffer and activity was enhanced (3.8-fold) when 1 mM DTT was added to the assay 
reaction mix. Omitted from Table 1 is the step involving elution from an organomercurial agarose column since 
DTT at high concentrations interferes with the assay color reaction making an accurate assessment of the 
enzyme activity impossible. For cellulose phosphate chromatography (substrate elution), specific elution was 
achieved by washing the column with buffer containing 30 mM F6P, but not with buffer containing 30 mM 
NaCl. Purified isomerase was labile to freezing and thawing but was stable for up to 2 months when stored in 
50% glycerol at — 20°C. 
 
The purified enzyme was subjected to two-dimensional gel electrophoresis (Fig. 1) revealing what appear to be 
at least two isoforms of the isomerase with pI values of ca. 7.1 and 7.3. G. intestinalis isomerase exhibits a 
denatured molecular mass (29 kDa) similar to that reported for the catabolic isomerases of E. coli (29.7 kDa), 
dog kidney (30.4 kDa) and C. albicans (28 kDa) [14-16]. The isomerase exhibited a native molecular mass of 
ca. 29 kDa as determined from gel filtration HPLC. The native molecular mass of the G. intestinalis isomerase, 
while resembling that of the C. albicans isomerase (43 kDa), differs considerably from that of the E. coli (178 
kDa) and dog kidney (180 kDa) isomerases which are oligomers of six subunits [14-16]. 
 
Aminase and deaminase activities were optimal at pH 8.9 (range of 8.5-9.0 in 0.2 M Tris-Base to 0.2 M Tris-
HCI). The value for the deaminase activity is similar to that reported for the isomcrase deaminase activity from 
dog kidney (pH 8.8), but is higher than those reported for C. albicans (pH 7.5-7.8) and E. coli (pH 7.6-8.2) 
deaminases [15,16]. pH optima for isomerase aminating activities have not been reported in other systems. 
 
Enzyme kinetics for each substrate were assessed over a range of substrate concentrations (at optimal pH) and 
then analyzed (mcans of values from at least three separate determinations per formed in duplicate) for quality 
of fit to a theorctical hyperbola using the non-linear regression analysis software program Enzfitter by R.J. 
Leatherbarrow from Elscvier-Biosoft. These data also were used to calculate kinetic parameters by Cleland's 
program KINETICS [17]. G. intestinalis aminase exhibited a Vmax of 86.3 ± 3.2 pmol GIcN6P produced min-' 
mg protein -1 with an apparent Km of 2.5 ± 0.24 mM for F6P and an apparent Km of 19 ± 1.9 mM for NH4C1; 
deaminase exhibited a Vmax of 32.8 ± 5.3 pmol G1cN6P consumed min -¹ mg protein -¹ with an apparcnt Km of 
0.38 ± 0.16 mM GIcN6P. Giardia's isomerase exhibits Km values for F6P and NH4C1 which are considerably 
higher than that for GIcN6P, suggesting that the enzyme has a higher affinity for GlcN6P. In comparison, the 
catabolic isomerases of C. albicans and dog kidney exhibit affinities (Km values 0.10 and 0.25 mM, respcc-
tively) for G1cN6P reflecting their catabolic role. A higher apparent Km (2.2 mM) for G1cN6P was reported for 
E. coli isomerase even though this enzyme is more active in the catabolic direction, exhibiting deaminase 
activity which is four-fold higher than that for the anabolic reaction. Thc E. colt isomerase also exhibits an 
apparent Km of 1.7 mM for F6P and an apparent Km of 31.4 mM for NH4C1 [14] and these values are similar to 
those obtained for the G. intestinalis isomerase. Km values for F6P and NH4Cl for dog kidney and C. albicans 
isomerases have not been reported [15,16]. 
 
 
Isomerases from E. coli [14], dog kidney [15] and C. albicans [16] have been well characterized with regard 
to their deaminase activities. In contrast, the rolc of the isomerase in amino sugar synthesis is considered 
minimal [4,5] and relativcly little information has been reported for the aminase activity since G1cN6P synthesis 
from F6P is generally catalyzed by GIcN6P synthase in a glutamine-requiring, irreversible reaction [4,5]. How-
cver, G. intestinalis lacks detectable G1cN6P synthase activity [3] and thus G1cN6P isomerase appears to 
play an important anabolic role by catalyzing synthesis of G1cN6P to be used in Ga1NAc synthesis for 
cyst wall formation. Despite resembling the other catabolic isomerases with respect to its apparent substrate 
affinities, Giardia's isomerase exhibits a higher rate of anabolic activity with a Vmax for the aminase reaction 
that  is 2.3-fold higher than for the deaminase. Furthermore, GlcN6P aminase activity in Giardia may 
be enhanced when the isomerase is coupled with G1cN6P N-acetylase [3] since the equilibrium of the 
isomerase reaction may be shifted toward G1cN6P synthesis as G1cN6P is converted to N-
acetylglucosamine 6- phosphate (G1cNAc6P) by the acetylase [14,18]. 
 
Substrate specificity experiments revealed that when F6P was replaced with D-glucose 6-phosphate (32 mM), 
D-mannose 6-phosphate (32 mM), or D-galactose 6-phosphate (32 mM), amination by NH4C1 was not 
observed. Likewise, neither L-glutamine (0.2 M) nor L-asparagine (0.2 M) served as ammonia donors to F6P. 
G1cNAc6P (2 mM), N-acetylglucosamine (GlcNAc) (2 mM), glucosamine (GlcN) (2 mM), and GalN (2 mM) 
did not serve as substrates for the deaminase. An intermediate in the pathway to Ga1NAc synthesis, G1cNAc6P, 
allosterically activates the E. coli and dog kidney isomerases [7,14,15]. However, GlcNAc6P (up to 2.5 mM) 
does not activate the purified G. intestinalis isomerase and in this respect, it resembles the isomerase from C. 
albicans [7,14]. The isomerase was not affected by GlcNAc 1-phosphate (3 mM), UDP-G1cNAc (3 mM), or 
UDP-Ga1NAc (0.5 mM). The absence of allosteric regulation may be related to the nonoligomeric nature 
of the Giardia isomerase as was suggested for the C. albicans isomerase [16]. Since neither glucose 6-phosphate 
(up to 2.5 mM), an activator of this isomerase in Drosophila virilis [12] and Musca domestics [19], nor any of 
the intermediates in the Ga1NAc synthetic pathway seem to activate G. intestinalis isomerase, it appears that 
this isomerase is not allosterically regulated in Giardia's GaIN synthetic pathway. 
 
G. intestinalis aminase activity was inhibited 68% by iodoacetamide (20 mM) and 61% by N-
ethylmaleimide (20 mM); these compounds also inhibited deaminase activity ( > 95%). Aminase and 
deaminase activities were inhibited by 2-amino -2-deoxyglucito1-6-pho sphate (G1cN-tol6P)), an analogue of 
the straight-chain form of G1cN6P [18]. GlcN-tol- 6P competitively inhibited the aminase = 2.0 x 10 —8 M 
GlcN-to1-6P) and the deaminase = 2.8 x 10 — M G1cN-to1-6P) as determined by double reciprocal plots 
yielding  P used to solve for K, where  = Km(1 + [I]/ K1),. The potent inhibition of the G. intestinalis 
isomerase by GlcN-tol-6P suggests that the isomerase has high affinity for the open chain form of GlcN 6-
phosphate. Likewise, G1cN-to1-6P competitively inhibits the deaminase activity of the E. coli isomerase (K, 
= 2 x 10 —7 M GlcN-tol-6P) [18]. By specifically inhibiting the G. intestinalis isomerase with G1cN-to1-6P in 
vivo, GaIN synthesis may be blocked during encystment and more importantly, the formation of viable cysts 
may be inhibited. Future studies examining the effects of GlcN-to1-6P (and its non-phosphorylated form) on 
G. intestinalis growth and encystment are being planned. 
 
Acknowledgements 
We thank Mario Calcagno for the generous gift of 2-amino-2-deoxyglucitol-6-phosphate, and Nelson Phillips 
for his help in fitting the enzyme kinetics data. Support for this research came from the OBOR Academic and 
Research Challenge Programs in Molecular Parasitology, from NIHAID grant No. AI29591 (E.L.J.), and 
from CSU Graduate College Student Research Award (P.A.S.). 
 
Referenees 
1. Jarroll, E.L., Manning, P., Lindmark, D.G., Coggins, J.R. and Erlandsen, S.L. (1989) Giardia cyst wall 
specific carbohydrate: evidence for the presence of galactosamine. Mol. Biochem. Parasitol. 32, ¹2¹-132. 
2. Manning, P., Erlandsen, S.L. and Jarroll, E.L. (1992) Carbohydrate and amino acid analyses of Giardia 
muris cysts. J. Protozool. 39, 290-296. 
3. Macechko, P.T., Steimle, P.A., Lindmark, D.G., Erlandsen, S.L. and Jarroll, E.L. (1992) 
Galactosamine-synthesizing enzymes are induced when Giardia encyst. Mol. Biochem. Parasitol. 56, 
301-310. 
4. Schachter, H. (1986). Glycoprotein biosynthesis. In: The Glycoconjugates (Horowitz, M. and Pigman, W., 
eds.), Vol. II, pp. 87-¹8¹. Academic Press, New York. 
5. Cabib, E. (1981). Chitin: Structure, metabolism, and regulation of biosynthesis. In: Encyclopedia of 
Plant Physiology: Extracellular Carbohydrates (A. Pirson and M. Zimmermann, eds.), Vol. ¹3B, pp. 395-
415. Springer-Verlag, New York. 
6. Midelfort, C.F. and Rose, I.A. (¹977) Studies on the mechanism of Escherichia coli glucosamine-6-
phosphate isomerase. Biochemistry 16, 1590-¹597. 
7. Noltmann, E.A. (1972) Aldose-ketone isomerases. In: The Enzymes (Boyer, P.D., ed.), 3rd edn, Vol. 6, pp. 
3¹4-318. Academic Press, New York. 
8. White, R.J. (1968) Control of amino sugar metabolism in E. coli and isolation of mutants unable to 
degrade amino sugars. Biochem. J. ¹06, 847-858. 
9. Benson, R.L. and Friedman, S. (1970) Allosteric control of glucosamine phosphate isomerase from 
the adult housefly and its role in the synthesis of glucosamine 6-phosphate. J. Biol. Chem. 245, 
2219-2228. 
10. Enghofer, E. and Kress, H. (1980) Glucosamine metabolism in Drosophila virilis salivary glands: 
ontogenic changes of enzyme activities and metabolite synthesis. Dev. Biol. 78, 63-75. 
11. Pattabiraman, T.N. and Bachhawat, B.K. (196¹) Purification of glucosamine 6-phosphate deaminase from 
human brain. Biochim. Biohpys. Acta 54, 273-282. 
12. Vogler, A.P., Stefan, T. and Lengeler, J.W. (1989) Alternative route for biosynthesis of amino sugars 
in Escherichia coli K-12 mutants by means of a catabolic isomerase. J. Bacteriol. 171, 6586-6592. 
13. Levvy, G.A. and McAllan, A. (¹959) The N-acetylation and estimation of hexosamines. Biochem. J. 73, 
127-¹32. 
14. Calcagno, M., Campos, P.J., Mulliert, G. and Suastegui, J. (¹984) Purification, molecular and kinetic 
properties of glucosamine-6-phosphate isomerase (deaminase) from Escherichia coli. Biochim. Biophys. 
Acta. 787, 165-173. 
15. Lara-Lemus, R., Libreros-Minotta, C.A., Altamirano, M.M. and Calcagno, M.L. (¹992) Purification and 
characterization of glucosamine-6-phosphate deaminase from dog kidney cortex. Arch. Biochem. 
Biophys. 297, 213-220. 
16. Natarajan, K. and Datta, A. (1993) Molecular cloning and analysis of the NAG1 cDNA coding for 
glucosamine6-phosphate deaminase from Candida albicans. J. Biol. Chem. 268, 9206-9214. 
17. Cleland, W.W. II's (¹979) Statistical analysis of enzyme kinetic data. Methods Enzymol. 63, 103-138. 
18. Comb, D.G. and Roseman, S. (1958) Glucosamine metabolism: IV. Glucosamine-6-phosphate 
deaminase. J. Biol. Chem. 232, 807-827. 
19. Singh, B. and Datta, A. (1979) Induction of N-acetylglucosamine-catabolic pathway in spheroplasts 
Candida albicans. Biochem. J. 178, 427-43¹. 
20. Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248-254. 
21. O,Farrell, P.H. (1975) High resolution two-dimensional electrophoresis of proteins. J. Biol. Chem. 250, 
40074021. 
22. Oakley, B.R., Kirsch, D.R., and Moris, N.R. (¹980) A simplified ultrasensitive silver stain for detecting 
proteins in polyacrylamide gels. Anal. Biochem. 105, 361-363. 
